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ABSTRACT
This work is a compendium of different sustainability analysis on new
technologies. The first chapter performed a Life Cycle Analysis of a biofuel
process where pine woodchips are used to create SynGas. The study was done
using a 10 tons gasifier, the mass balance of the reaction and an input/output
analysis. All the data obtained was input into a freeware LCA software and the
results were compared to the use of regular produced natural gas. The second
chapter creates a benchmark of energy intensity and presents a case using
binder jetting technology. Different Additive Manufacturing technologies energy
intensity was reported, when possible a NIST artifact created to standardize
measurements for AM was used. The third Chapter used three aerospace parts
to compare new designs for Additive Manufacturing and their energy impact to
conventional manufacturing processes. For this analysis the ORNL energy
impact assessment tool was used.
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INTRODUCTION
The word Sustainability or Sustainable development can mean different things
and can be used when refereeing to a different important issues [1]. The
definition that is most widely used in today scientific community was coined by
the World Commission on Environment and Development (WCED). The WCED
stated in its final report that sustainable development is “development that meets
the needs of the present without compromising the ability of future generations to
meet their own needs” [2] The United Nations has adopted this definition for
several years now but also expanded by adding into it that sustainability consists
of three pillars; economic development, social development and environmental
protection [3]. These definitions of sustainability are not easily translated into
practical action and confusion about the definition in different fields still exists as
to what sustainability means in different fields of study. Giddings et al. [4] suggest
that Sustainable Development is a contested concept, with theories shaped by
people’s and organizations’ different worldviews, which in turn influence how
issues are formulated and actions proposed. Since the sustainable concept has
change rapidly in recent years, some researchers have called for a
reinterpretations it [4, 5] and a reconsideration of how their key concepts ‘needs’
and ‘meets’ are shape into todays’ society [6,7].
As society continue to grow, new technologies are continuously created and
used to meet the needs of the present and the future. Several new discoveries
1

including inventions and innovations of current and new methods to produce
more and more efficiently has been developed during the last several decades.
This new technologies try to help and promote a sustainable development, but
the required analysis is still needed to evaluate their real benefit to the society.
This work present some of these analysis to new technology in order to
benchmark their basic sustainable approach. The first chapter present a Lifecycle assessment of a Bio-fuel production system. Then chapter two show some
benchmarking data of energy efficiency in additive manufacturing with a case
study of a binder-jetting technology, and finally chapter three present a life cycle
assessment for the aerospace industry using three parts as case study and the
Additive Manufacturing Energy Impact Assessment Tool created by DOE and
ORNL. With the work presented on this chapters we want to show that even with
new or different technologies we can used the Life-Cycle Thinking approach to
study, analyze and further increase the understanding of how sustainable the
technology is. In addition, with this approach we can find opportunities where
there still need for more advancement in the technology in order to become fully
sustainable and better than the old practices.
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CHAPTER I
LIFE-CYCLE ASSESSMENT OF BIO-FUEL PRODUCTION
USING SYNGAS FROM BIOMASS
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A version of this chapter was originally published by Nelson A. Granda,
Mingzhou Jin, and Fei Yu:
Granda-Marulanda, Nelson Andrés, Mingzhou Jin, and Fei Yu. "Life-Cycle
Assessment of Bio-Fuel Production Using Syngas from Biomass." Handbook of
Bioenergy. Springer International Publishing, 2015. 279-297.
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was done by Fei Yu. Mingzhou Jin, was the editor and academic advisor. The
rest of the data collection, analysis and write up was done by Nelson A. GrandaMarulanda

Abstract
This study conducts a Life-Cycle Assessment (LCA) for a gasification process
that converts wood biomass into various biofuels. The analysis is based on the
mass balance and input/output of the two steps of the 10-ton biofuel production
per day. By using OpenLCA, an open-source licensed LCA software package,
and the NREL and databases, this LCA shows that the system producing the
syngas from biomass has very similar emissions to natural gas and the
gasification process is the one with the major impact potential.
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Introduction
The total energy consumption in the world is expected to grow by 56% from 2010
to 2040 [13]. The renewable and nuclear energy alone will have an increase of
2.5% per year, making them the fastest growing energy types [13]. However,
fossil fuel is still expected to be the major supply of the world energy demand by
2040 with about 80% of the energy market [13]. The Fourth Assessment Report
of the Intergovernmental Panel on Climate Change (IPCC) states that the fossil
fuel consumption growth, together with the world’s growing population, are the
leading contributors to the rapid increase in greenhouse gas (GHG) emissions
[20]. The worldwide energy-related carbon dioxide (CO2) emissions is expected
to increase from about 31 billion metric tons in 2010 to 36 billion metric tons in
2020 and then to 45 billion metric tons in 2040 [13].
The need of finding more sustainable fuel sources has become compelling in the
world. The US government aggressively urges the research community to find
sustainable options for fossil fuels in the last decades. The Clean Air Act of 1990,
the California Global Warming Solution Act of 2006, the Energy Independence
and Security Act of 2007, and other laws are just some examples of the US
Government’s support towards more sustainable fuel options [6]. One of the
options to reduce greenhouse gas emissions and reduce the dependency on
fossil fuels is the use of biofuels as an alternative, but biofuels may have
emissions and other indirect effects during their life cycles that create concerns
6

about their sustainability [21, 24]. The Energy Independence and Security Act of
2007 [6] stated in Section 526 that “No Federal agency shall enter into a contract
for procurement of an alternative or synthetic fuel, including a fuel produced from
nonconventional petroleum sources, for any mobility-related use, other than for
research or testing, unless the contract specifies that the lifecycle greenhouse
gas emissions associated with the production and combustion of the fuel
supplied under the contract must, on an ongoing basis, be less than or equal to
such emissions from the equivalent conventional fuel produced from
conventional petroleum sources.” In order to establish the environmental benefit
of the use of biomass as a valid alternative, a life-cycle assessment (LCA) needs
to be performed.
LCA has been extensively used to quantify the environmental burden of different
processes. Luo et al. in 2010 [18] investigates the life cycle energy required to
produce ethanol from Blue-green algae and their corresponding green gas
emissions. Xu et al. [29] recently performed an LCA on thirteen sewage sludgetreatment scenarios in China. Their results showed that a sewage sludgetreatment scenario with anaerobic digestion, dewatering, and incineration
technologies was the most environmentally and economically sustainable
method to treat sewage sludge. Rubin et al. [23] applied the LCA methodology to
evaluate and compare two processes for recovering copper from Printed Circuit
Boards scrap. Their study showed that the process using acqua regia has better
7

environmental performance. The review by Cabeza et al. [3] presented several
LCA studies in the building industry, including assessments of residential
buildings, non-residential buildings, and civil engineering constructions. LCA has
also been applied in the agriculture and farming industries. Haas et al. [10] used
the LCA methodology to assess the environmental impact of the grassland dairy
farms in the southern region of Germany as an example to introduce a
framework to use LCA in the agriculture industry. They argued that the impact
categories and the functional units of classical LCA must be adapted to specific
agricultural production processes when performing agricultural LCA. Thévenot et
al. [25] performed an LCA study of a poultry supply chain applying a cradle-toslaughterhouse gate methodology. Finally, one of the most studied areas using
the LCA methodology is the electric power industry, since this sector is one of the
major contributors to GHG and plays a critical role in the world’s sustainability.
Jaramillo, Griffin and Matthews [15] showed a comparative analysis of the air
emissions during the life cycle between coal, natural gas, liquefied natural gas
and synthetic natural gas used in the generation of electricity. In the analysis,
Jaramillo et al. [15] mentioned that the use of coal as fuel to generate electricity
has a higher CO2 emission and the use of natural gas the lower emissions. It
was also discussed by Jaramillo et al. [15] that the technology to generate
synthetic natural gas needs to overcome various technological challenges in
order to reduce the overall Life Cycle GHG emissions. In a more recent study,
8

Turconi et al. [26] presented a review of numerous case studies involving the
LCA of electricity generation based on hard coal, lignite, natural gas, oil, nuclear,
biomass, hydroelectric, solar photovoltaic (PV) and/or wind. In the transportation
area there are also many studies using LCA to evaluate various fuel types. Ally
and Pryor [1] performed an LCA study to evaluate the environmental burden of
three different transportation fuels used in the bus transportation system of
Western Australia, including diesel, natural gas and hydrogen fuel cell. Their
analysis quantified the improvements that can be expected in future generations
of fuel cell vehicles. Xue et al. [30] performed an LCA study to quantify the
environmental impacts of different biodiesel blend production in the Pennsylvania
area. The study showed the fertilizer usage in the agricultural phase, soy oil
extraction and refining, feedstock and fuel transportation, and fuel combustion in
the usage phase are main contributors to biodiesel’s life-cycle environmental
impacts for all blends. The above examples showed that LCA has been widely
used to evaluate sustainability for various industries. Biofuel production is still in
its development stage and a standard LCA is necessary to evaluate various
pathways to produce biofuels from biomass.
This chapter will introduce how to implement an LCA on possible production
processes of biofuel regarding their sustainability and present an application
example. The application case is about a newly designed biofuel production
process based on a gasification pathway using wood chips.
9

LCA Background and Methodology
LCA was originally created by the Society of Environmental Toxicology and
Chemistry (SETAC) [17]. In 1990 SETAC generated the first document in which
the name of the method and a general structure, still valid today, were presented.
Later on in 1997 the LCA methodology, presented by SETAC, was used as a
basis to create the standard for ISO14040-43 called life-cycle assessment
standards by the International Standard Organization [14]. Furthermore,
ISO14041, ISO14042, and ISO14043 were developed to detail the standards at
different LCA steps [17]. In ISO14040 the term of the Life-cycle assessment is
defined as “compilation and evaluation of the inputs, outputs and the potential
environmental impacts of a product system throughout its life cycle”. This
definition means that the LCA methodology studies the environmental burdens
and impacts of all stages in a product’s life, from raw material acquisition to
disposal. The stages also include product production or manufacturing, product
usage, and product and material recycle. This all-stage analysis is also known as
a “cradle-to-grave” approach. ISO14040 mentions that some of the general
categories of environmental impacts to consider are resource use, human health,
and ecological consequences.
Under ISO14040 the LCA framework was defined in four major steps; 1) Goal
and scope definition, 2) Life cycle inventory analysis, 3) Life cycle inventory
impact assessment, and 4) Life cycle interpretation. The relationship between
10

these stages is illustrated in Figure 1.1 [14] and all four steps will be introduced in
detail below with examples from the literature.
Goal and Scope Definition
The first step of the LCA is to define the problem or intended application for the
assessment, the reason to perform the assessment, and the intended audience
of the study [14]. The goal of an LCA may be descriptive and rather brief. For
example, Rubin et al. [23] defined the goal of their LCA study as “to evaluate and
compare two electrochemical processes for recovering copper from PCB scrap:
one using sulfuric acid and one using nitric and chloridric acid”.
During the definition of the scope of an LCA study, ISO14040 suggests some or
all of the following items be considered and clearly described.


Functions of the product system or, in the case of comparative studies,
the systems;



Functional unit;



Product system to be studied;



System boundaries;



Allocation procedures;

11

Figure 1.1 Phases and applications of an LCA
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Types of impact and methodology of impact assessment, and subsequent
interpretation to be used;



Data requirements;



Assumptions, limitations, and initial data quality requirements; and



Type of critical review (if any), such as type and format of the report
required for the study.

Even though the scope definition is flexible and could be very different across
applications and it is possible not to include all of the above items, two items are
critical in defining an LCA scope. They are functional unit and system boundaries
and should be included in all LCA studies. These two items are introduced in
more details as follows:
Functional Unit was defined by Rebitzer et al. [22] as a quantitative description
of the service performance (e.g., the needs to be fulfilled) of the investigated
product systems. The functional unit is a very critical aspect of the scope of the
LCA and is more important if the LCA is used to compare multiple products or
systems. If two or more productions are involved in an LCA, the functional unit
should be the same for all products in order to have a meaningful comparison.
Functional units need to be carefully selected based on the goal of the LCA
study. For example, Rubin et al. [23] used the recovery of 102g of copper as the
functional unit in the comparison of two ways of recovering copper from PCB
scrap. In a case of sewage treatment in China [29], the treatment of one ton of
13

dry sludge was selected as the functional unit. In the study by Ally and Pryor [1]
to compare three different fuel types for the Bus system in Western Australia, the
functional unit was defined based on vehicle kilometers.
System Boundaries are the restrictions that should be considered in order to
collect data for an LCA study. These restrictions can be natural restrictions of the
system under study, geographic restriction or time restrictions. The system
boundaries determine which processes shall be included within the LCA [14]
Figure 1.2 [2] presents the most common system boundaries used in performing
an LCA.
In the study performed by Xu et al.[29], the system boundaries of the study of
sewage treatment were defined in thirteen different scenarios including different
stages to treat sewage, such as raw materials and energy production, road
transport, direct emissions, wastewater treatment, energy recovery from
anaerobic digestion, incineration, and landfill stages. In a case of poultry
production [25], the system boundaries cover the supply chain of the poultry
process, the production of resources and waste treatment with their associated
emissions.
Another example of how to define system boundaries can be found in the study
of the copper recovery from PCB scraps [23] and is illustrated in Figure 1.3.

14

Figure 1.2 Common boundaries for Life Cycle Assessment
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Figure 1.3 Life cycle of the PCB production and the selected system
boundaries

16

The system boundary was defined as the complete life of the PCB, from material
extraction through material recycle, even though they performed the LCA to
compare the two recycle strategies (i.e., the usage of different chemicals) during
the electrochemical process only. It is important to note that the results of an LCA
heavily depend on the selected system boundaries, even if the exact same
functional unit is studied.
Life-Cycle Inventory (LCI) Analysis
The inventory analysis is comprised of the data collection and calculation
procedures to quantify the relevant inputs and outputs of a product system or
systems. Some examples of these are raw materials, required energy, and any
ancillary or physical inputs needed by the system. As outputs, we have all the
waste and emissions including all releases into the air, water and soil by the
system and also by all by-products [14]. The inventory analysis process is
typically iterative. During data collection, how to calculate the system inventory
could be better understood so that more requirements and limitations may be
identified. It is not unusual that some changes are necessary in the procedure of
collecting data in order to meet the specified goal of the study. In some cases
issues found during this phase may cause revisions of the goal or scope of the
study [14].
There is a large amount of data that has already been collected for common
processes in different countries. These data sets are known as LCA Inventory
17

databases. There are two types of access to these databases; public access and
proprietary access. Some examples of publicly accessible databases include the
U.S. Life Cycle Inventory (LCI) database administered by the National
Renewable Energy Laboratory [19], the Greenhouse Gases, Regulated
Emissions, and Energy Use in Transportation (GREET) Model administered by
Argon National Labs, and the Building for Environmental and Economic
Sustainability (BEES) tool administered by the National Institute of Standards
and Technology (NIST). Some of the most commonly used proprietary databases
are EcoInvent provided by the Swiss Centre for Life Cycle Inventories and PE
International LCI database provided by PE International. PE International LCI
database can only be used in GaBi software, which is a commercial LCA
software package. All these databases follow the ISO 14040 procedure to collect
and present data in a way that they can be easily used by the LCA research
community. Figure 1.4 illustrates a simple flow to collect and validate the data
under ISO 14040.
Life Cycle Inventory Impact assessment
All outputs or results of the LCI analysis are used as inputs in the life cycle
inventory assessment (LCIA) stage of the LCA. All data are evaluated and
associated with specific environmental impacts. The level of detail, choice of
impacts to evaluate, and selected assessment methodologies can significantly
vary based on the scope of the assessment [14]. Some of the common or
18

Figure 1.4 Simplified procedure for LCI analysis.
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baseline environmental impacts in LCA studies include depletion of abiotic
resources, impacts of land use, land competition, climate change later known as
Global Warming Potential index (GWP), stratospheric ozone depletion, human
toxicity, aquatic and terrestrial ecotoxicity, photo-oxidant formation, acidification,
and eutrophication. Just like the Inventory analysis stage, the inventory impact
assessment stage is an iterative process of evaluating the goal and scope that
needs to be performed
Interpretation of LCA
The interpretation stage of the LCA is where the results of the LCI analysis and
impact assessment are combined to present the LCA findings to the desired
audience. In order to reach conclusions and recommendations from this stage,
the findings should be in accordance with the goal and scope of the LCA study.
Three major components are suggested in the interpretation stage: 1) identify
major issues resulting from the LCI and LCIA, 2) evaluate whether or not the
study is complete based on the goal and scope and perform a sensitivity
analysis, and 3) report conclusion, limitations and recommendations of the study.
Based on the report of this stage, the audience (mostly decision makers) can
make better decisions in terms of selecting and designing the most
environmentally beneficial product or process.

20

LCA Study on the Production of Biofuel from Wood Biomass
through Synthetic Natural Gas
Case Introduction
Approximately 9.19% of the 81.85 quadrillion BTU of the annually consumed
energy in the US was produced from the renewable sources in 2013 [4].
Biomass, in all types, has constituted about half of the renewable resources (i.e.,
4.49% of all energy production). Negative environmental impacts caused by
fossil energy sources and consequently national energy security concerns have
increased the motivation and interest in developing renewable energy markets.
Therefore, biomass in general and specifically the dedicated energy crops have
been the center of attention as sustainable sources of energy [11]. Numerous
studies have been conducted on developing and improving various processes to
produce biomass-based fuels as a replacement to regular fossil fuel. Two major
types of conversion of biomass to fuels are thermochemical conversion and
biochemical conversion. Numerous studies, propelled by the needs of the
reduction of the fossil fuel consumption [6], have been conducted to investigate
various biomass-derived products through many conversion pathways. Some
examples of fuel products and their conversion methods are bio-ethanol from
fermentation, bio-methanol from gasification, bio-naphtha from flash pyrolysis
and hydro treating, bio-oil from flash pyrolysis and liquefaction, methane from
anaerobic digestion, hydrogen from gasification, as well as many others [8].
21

Corresponding with those new conversion technology developments, LCA
researches have been conducted to study their environmental impact and to
assess their advantages and disadvantages in a systematic way. Those
researches try to address various environmental questions for the system under
study, such as the emitted substances of the system along the entire life cycle,
the most accountable part of the system for such emissions, the rate of emitted
substances, the energy balance of the system as a whole or by part, and the net
carbon dioxide emissions of the entire system. Among numerous conversion
technologies, the pathway based on biomass gasification seems promising
because of its high thermal efficiency and potential of realizing neutral CO2
emissions. There have been numerous attempts to generate renewable energy
from biomass in the literature and all the efforts show progress in gasification
technology and brought more efficiency while the systems are more
environmentally friendly , easy and convenient to implement and operate. In
addition, to be adjacent to feedstock, countryside installation of gasification
systems promotes rural economic development and may reduce costs, energy
consumption, and emissions of biomass feedstock transportation.
This LCA case study is specifically conducted for a gasification process that
converts wood biomass into various biofuels. The process has been under
development at Mississippi State University during the last decade. Preliminary
experimental studies feed data to this LCA study. Components of the facility
22

include feedstock preparation, gasification, and syngas cleaning. The bio-gasifier
is an atmospheric, downdraft, and fixed bed gasifier. The bio-gasification system
was designed for producing syngas at a capacity of 60 nm3/hr [16]. The
gasification process at the downdraft gasifier is controlled by a host computer.
The main parts of the system include the feeding system, the gasifier, the heat
exchanger and the filters, as illustrated in Figure 1.5. In order to keep track of the
input and output substances and monitor the partial and overall performance of
the system, thermocouples and pressure transducers have been installed,
connected to, and controlled by the computer. During the gasification reaction
and operations in the gasifier, the feeder automatically starts feeding new fuel
into the gasifier in case the level of fuel in the gasifier drops below a pre-set
point. All the energy that is required for the system to operate is provided by the
wood chip consumption as the biomass and input fuel. No other external energy
or fuel, in any form, is necessary to maintain the system operations after the
system has been started with some initial energy. The produced gas is then
cooled down from 500-700 to 110 centigrade degrees by the heat exchanger and
passing through the parallel bag filters where fine particles are removed from the
gas. After bag filters, the activated carbon filter absorbs the tar in the gas. The
throughput syngas contains about 48% N2, 21% CO, 18% H2, 10% CO2, 1.5%
CH4, some water vapor, and a trace amount of other gases. The cool syngas is
then compressed and stored in a storage tank [27, 28].
23

Figure 1.5 Gasification process
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The gasification process has been investigated using the wood chips of oak trees
as raw materials and air as the oxidation gas. The wood chips contain about
9.5% moisture content and temperature in the combustion is stable at 600-900
degrees centigrade.
Under the flow rate of producing gas at 65nm3/hr in a stable process, the
consumption of wood chips is 26-28 Kg/hr with the syngas yield of 2.3-2.4
nm3/Kg wood. The carbon conversion rate from wood to carbon monoxide,
carbon dioxide and methane is about 92-99% and the hydrogen conversion rate
from wood to H2 and methane is 67-75%. Figures 1.6 and 1.7 show the mass
balance and inputs/outputs of the biofuel production and carbon balance during
conversion respectively. The emission of 6.45 tons of carbon dioxide after
conversion, in Figure 1.6, is the total emission. Most of this emission is created in
the gasification process and is contained in the syngas before conversion.
According to the heating value of wood chips and produced syngas for the
energy balance, the energy conversion rate from wood to syngas is 59-65%. The
wasted energy heat that is entrapped in the produced syngas is calculated
according to the gas composition and gas temperature when entering the heat
exchanger and its rate is 10-12%. The low heating value (LHV) of the output
syngas is also 5.1-5.3 MJ/nm3.
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Figure 1.6 Mass balance and input/output 10-ton/day biofuel production
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Figure 1.7 Carbon balance during conversion
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Software Used in the Study
A variety of software could be used to facilitate the large efforts in data
calculation and data analysis during LCA studies. Some of them are
commercially available and others are free or have open-source licenses. In this
case study, we selected an open-source licensed software package called
OpenLCA [9]. Figure 1.8 demonstrates the basic processes to perform an LCA
and where the software is mostly involved. The software is also very helpful in
the impact assessment by calculating the impact characterization index using
various methods based on the inventory results. Figure 1.9 shows how to setup
OpenLCA and what external data are needed to complete the assessment.
Case Goal and Scope
The goal of this case study is to evaluate the environmental impact of the
production of biofuel using woodchips through the synthesis gas pathway. A
cradle-to-grave approach is done by separating the system in four subsystems,
wood acquisition, wood transportation, production of syngas, and use of syngas.
In order to compare these stages of the system, we select a functional unit of 1
MJ in order to evaluate different stages of the system and make comparisons. All
the inventory data was collected based on the geographic boundary of the
southeast region of the US. Figure 1.10 shows all stages of the system and
other components.
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Figure 1.8 Basic model flow
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Figure 1.9 OpenLCA setup and data flow
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Figure 1.10 Life Cycle stages flow
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Tables 1.1 and 1.2 list the data used from experiments that have been conducted
on the gasifier at Mississippi State University and the involved processes based
on the NREL database [19] in order to model the system in OpenLCA.
Inventory Assessment for the Case
The database provided by the NREL is used to model the system in OpenLCA.
All the inputs and outputs related to the wood acquisition process are from the
NREL inventory for softwood logs with bark, harvested at average intensity site,
at mill, and in US southeast region. These inputs and outputs are for the
acquisition amount of 1 kg of wood chips. For the second stage of the process,
wood transportation, the calculation to obtain the inventory is based on the
transport of 1 ton per mile of wood chips by diesel truck. The average distance
traveled from the mill to the gasification plant was assumed to be 15 miles while
the truck load was assumed to be 5 tons. For the gasification stage, the
reference is 60 nm3 of output gas, which is about the hourly yield of the pilot biogasifier at Mississippi State University. For the last stage of the process, the use
of the bio-gas, the reference unit is our functional unit of 1 MJ. In this stage we
used the output of all the other stages to complete the system analysis. Some of
the data obtained from the NREL inventory database are listed in Tables 1.3 and
1.4, where the inputs and outputs of the system are presented.
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Table 1.1 Data from experimental results obtained from the pilot gasifier
Source

Data point

Woodchips used LHV

18.7 MJ/Kg

Production Yield

2.4 Nm^3/kg

Syngas output LHV

5.8 MJ/Nm^3

Electric demand

3.5 Kw/h at 60 Nm^3/h

33

Table 1.2 Processes used in the model
Processes used

Database selected

Dry rough lumber, at kiln, US SE

NREL

Wood chips, hardwood, green, at sawmill, SE

NREL

Transport, combination truck, average fuel mix

NREL

Electricity, diesel, at power plant

NREL
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Table 1.3 Inventory input results for the use stage of the LCA
Inventory Input Flows

Unit

Amount

Carbon dioxide, in air

Kg

4.73E-11

Coal, 26.4 MJ per kg, in ground

Kg

8.23E-15

Diesel, at refinery

m3a

4.68E-05

Diesel, combusted in industrial boiler

m3a

7.93E-10

Diesel, combusted in industrial equipment

m3a

2.22E-11

Electricity, biomass, at power plant

MJ

9.26E-06

Electricity, bituminous coal, at power plant

MJ

0.000328

Electricity, lignite coal, at power plant

MJ

9.84E-06

Electricity, Natural Gas, at power plant

MJ

5.76E-05

Electricity, nuclear, at power plant

MJ

0.00013

Electricity, onsite boiler, hardwood mill average, SE

MJ

4.19E-10

Electricity, residual fuel oil, at power plant

MJ

1.87E-05

Gas, natural, 46.8 MJ per kg, in ground

Kg

8.13E-14

Gasoline, combusted in equipment

m3a

5.98E-12

Heat, onsite boiler, hardwood mill average, SE

MJ

4.32E-12

Limestone, in ground

Kg

2.98E-12

Liquefied petroleum gas, combusted in industrial boiler

m3a

7.13E-15

Natural gas, combusted in industrial boiler

m3

2.84E-12

Natural gas, combusted in industrial equipment

m3

1.84E-13

Oil, crude, 42 MJ per kg, in ground

Kg

3.67E-13

Residual fuel oil, at refinery

m3a

3.79E-09

Residual fuel oil, combusted in industrial boiler

m3a

3.97E-16

m3

7.32E-08

Softwood logs with bark, harvested at average intensity site,
at mill, US SE
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Table 1.3 continued
Inventory Input Flows

Unit

Amount

Transport, combination truck, diesel powered

tkm

3.77E-10

Uranium, 2291 GJ per kg, in ground

Kg

1.23E-18

Water

m3a

2.27E-06

Water, process and cooling, surface

m3

2.24E-17

Water, well, in ground

m3

7.79E-09

Wood and wood waste, 3.9 MJ per kg, oven dry basis

Kg

2.59E-11

Wood, unspecified, standing/kg

Kg

0.416667
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Table 1.4 Inventory output results for use stage of the LCA
Inventory Outputs Flow

Unit

Amount

Acetaldehyde

Kg

1.44E-15

Acrolein

Kg

6.94E-15

Antimony

Kg

1.37E-17

Arsenic

Kg

3.07E-09

Bark

Kg

5.21E-07

Benzene

Kg

4.98E-10

Beryllium

Kg

6.46E-11

BOD5, Biological Oxygen Demand

Kg

3.37E-12

Cadmium

Kg

9.25E-10

Carbon dioxide, biogenic

Kg

3.38E-10

Carbon dioxide, fossil

Kg

0.137507

Carbon monoxide

Kg

1.04E-12

Carbon monoxide, fossil

Kg

0.00014

Chloride

Kg

1.38E-10

Chlorine

Kg

1.37E-15

Chromium

Kg

1.96E-09

Cobalt

Kg

1.4E-08

Copper, ion

Kg

6.9E-10

Dinitrogen monoxide

Kg

2.28E-06

Dioxins, measured as 2,3,7,8-tetrachlorodibenzo-p-dioxin

Kg

3.22E-14

Ethene, tetrachloro-

Kg

1.77E-10

Formaldehyde

Kg

7.67E-08

Gas_use

MJ

1

Hydrogen chloride

Kg

1.63E-06

Iron

Kg

6.9E-10

Lead

Kg

3.51E-09

Manganese

Kg

6.97E-09
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Table 1.4 continued
Inventory Outputs Flow

Unit

Amount

Mercury

Kg

2.63E-10

Metals, unspecified

Kg

7.42E-14

Methane

Kg

3.64E-14

Methane, dichloro-, HCC-30

Kg

1.04E-08

Methane, fossil

Kg

1.42E-06

Methane, tetrachloro-, R-10

Kg

7.81E-17

Naphthalene

Kg

2.63E-09

Nickel

Kg

1.96E-07

Nitrogen oxides

Kg

0.000596

Nitrogen oxides

Kg

1.85E-14

origin

Kg

1.2E-09

Oils, unspecified

Kg

1.03E-08

Particulates, > 2.5 um, and < 10um

Kg

1.18E-05

Particulates, unspecified

Kg

1.54E-16

Particulates, unspecified

Kg

3.22E-08

Phenols, unspecified

Kg

7.84E-09

Radioactive species, unspecified

kBq

0.002101

Selenium

Kg

1.59E-09

Sulfur oxides

Kg

3.03E-05

Sulfur oxides

Kg

6.17E-16

Suspended solids, unspecified

Kg

2.07E-08

TOC, Total Organic Carbon

Kg

7.1E-15

VOC, volatile organic compounds

Kg

3.07E-05

VOC, volatile organic compounds

Kg

4.51E-17

Wood waste, unspecified, combusted in industrial boiler

Kg

0.008333

NMVOC, non-methane volatile organic compounds, unspecified
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Impact Assessment
After modeling the system in OpenLCA and obtaining the inventory for each
stage of the system, we characterized the impact that the outputs of each stage
have and in order to have the impact assessment we need to select a method to
generate the characterization of the data output of the inventory. In this LCA
study we used the CML2001 [12], which was developed by the Center of
Environmental Science at Leiden University. This method considers a midpoint
method. Table 1.5 lists the results of the four most commonly used impact
categories based on CML2001 for this LCA study. Table 1.5 indicates that the
gasification process is the stage of the whole system where the major impact is
found.
OpenLCA also provides comparative results for the major contributors of the
system. Figure 1.11 compares the gasification process against the other stages
of the system in terms of GWP.
We also compare the CO2 emissions of the system against the productions of
various fuels in Table 1.6 based on data from EIA 2014 [5]. The table shows that
systems producing the syngas from biomass have very similar emissions to
natural gas. The natural gas has an emission of 53.1 Kg of CO2 per Million Btu
which is equivalent to 0.01372 Kg of CO2 per MJ. In our analysis, the use stage
of the system generates approximately 0.01385 Kg of CO2 per MJ. Even though
the emissions are a little higher if we compare the production of natural gas v.s.
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Table 1.5 Impact assessment results for all stages of the system
Stages
CML2001 impact
Climate change - GWP 20a
(Kg CO2-Eq)
Acidification potential - generic
(Kg SO2-Eq)
Human toxicity - HTP infinite
(Kg 1,4-DCB-Eq)
Photochemical oxidation (summer smog)
(Kg formed ozone)

Acquisition

Transportation

Gasification

Use

5.7970E-11

1.2919E-01

3.4345E+00

1.3849E-02

8.3202E-11

5.9615E-04

2.6244E-03

4.1866E-04

1.4432E-06

1.0340E-03

5.1362E-01

9.2107E-03

5.0523E-12

7.5346E-06

3.2733E-05

5.2841E-06
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Figure 1.11 Graphic output of OpenLCA compression analysis
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Table 1.6 Carbon Dioxide Emissions Coefficients by Fuel type
Carbon Dioxide (CO2)

Pounds CO2 Per Unit

Kilograms CO2 Per Unit

Pounds CO2

Kilograms CO2

Factors:

of Volume or Mass

of Volume or Mass

Per Million Btu

Per Million Btu

For homes and businesses
Propane

12.7/gallon

5.8/gallon

139.0

63.1

Butane

14.8/gallon

6.7/gallon

143.2

65.0

Butane/Propane Mix

13.7/gallon

6.2/gallon

141.1

64.0

Fuel

22.4/gallon

10.2/gallon

161.3

73.2

Kerosene

21.5/gallon

9.8/gallon

159.4

72.3

Coal (All types)

4,631.5/short ton

2,100.8/short ton

210.2

95.3

Natural Gas

117.1/thousand feet3

53.1/thousand feet3

117.0

53.1

Gasoline

19.6/gallon

8.9/gallon

157.2

71.3

26/gallon

11.8/gallon

173.7

78.8

Home Heating and Diesel

Residual Heating Fuel
(Businesses only)
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the environmental benefits of the overall system of syngas production, the use of
syngas as an alternative fuel is substantial. We need to take into consideration
that the data of CO2 emissions, caused by the energy required in the process,
are sourced from diesel power production only. If we used energy produced by
other means of power generation, like wind or solar farms, we could easily
reduce the total emissions of the system, having a greater impact on the GWP.
Also, there are other factors, like the acidification potential, human toxicity or
photochemical oxidation, that need to be considered when we do a full
comparison of the overall environmental impact.
Recommendations and Discussion
After the impact assessment, we can identify that the gasification process is the
one that has major impact potential. Even though this is the most impactful stage
of the system, its environmental impact is still below that of the normal production
of other fossil fuels. We need to contemplate that the process to produce the
syngas used in this study is one pioneering, experimental and is expected to
have procedures optimized in the future. Those optimizations are expected to
improve the process and reduce the overall environmental impacts. Furthermore,
we believe that if this process is industrialized, it can benefit from the economy of
scale and therefore the overall emissions can be reduced. The analysis
recommends that more studies be done on the optimization of the gasification
processes to enhance the environmental sustainability of the whole system since
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this is the more energy intensive process of the system. More data related to the
source of the energy used in the system is recommended in order to have higher
accountability for the emissions during the gasification process.
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CHAPTER II
ENERGY EFFICIENCY BENCHMARKING ON ADDITIVE
MANUFACTURING PROCESSES
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Abstract
During the last decade, the use of Additive Manufacturing processes has
increase greatly. From rapid prototyping to full functional products, the
opportunity to produce a more sustainable product is latent. This chapter focus
on the energy consumption of this technology and their relation to different
categories of additive manufacturing processes. Data on energy consumption
using the standard NIST artifact is shown and a case study showing the
measuring process is discussed. The chapter is divided as follows; first, we will
do a comprehensive literature overview on what has been done in terms of
energy consumption on this emerging manufacturing technology. Then the
framework showing previous work on energy intensity for AM, followed by a case
study of the process and results of energy intensity using binder-jetting
technology.

Introduction
Manufacturing is defined as the processes that transforms raw materials and
information into finished goods that meet expectations or specifications defined
by the customers. Yet, by doing this conversion of raw materials into products or
finished goods, the manufacturing sector is a big contributor to the environmental
pollution. This environmental pollution can be allocated to the manufacturing
process itself, or to the use of energy for running these processes. In 2015, the
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United Stated (US) manufacturing sector comprehended only about 12% of the
total GDP but has an energy consumption of 31.8% of the total energy used in
the country [1, 2]. This consumption represents a total pollutant emission of
1,432 MMT CO2 eq [2]. It is expected that the use of new technologies, like
Additive Manufacturing (AM), can help to decrease pollution. Additive
Manufacturing can do this by reducing waste and energy consumption at the
manufacturing process.
Additive manufacturing is also known as additive fabrication, additive processes,
additive techniques, additive layer manufacturing, layered manufacturing, and
freeform fabrication [3]. The ASTM international officially defined AM as the
process of joining materials to make objects from three-dimensional (3D) model
data, usually layer upon layer, as opposed to subtractive manufacturing
methodologies such as machining [3].
Additive manufacturing is basically, a building material, powdered or extruded,
fixed or fused into place, layer by layer, until the object is complete. Flour or
plaster may be fixed in place using a type of glue put down by a component very
similar to that dispensing ink in to a modern inkjet printer. Powdered plastic or
metal may be fused into place using a heating element, usually a laser, until the
particles join together. The original model design is created using a computer
and software that produces a particular file type used by a 3D printer to create
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the object. Precise computerized control allows such accuracy that an almost
exact duplicate of a model may be made to tight tolerances.
In 1998 Kruth et al.[4], classified AM into three different categories depending on
the state of the material used in the process. The three categories are powder
based, liquid based, and solid based. Figure 2.1 shows a similar classification
still in use but including more AM technologies. Recently ASTM generates a new
standard in which a different category system is used. This system is based on
the type of technology the AM process uses and is divided into seven categories.
Table 2.1 shows the seven categories with a brief description and some of their
corresponding processes [3].
Additive Manufacturing technology has experienced a substantial growth in the
last few years, from their initial applications in the mid-1980s of Rapid
Prototyping to fully functional parts and products today. According to Wohlers
Associates [7], the global additive manufacturing products and services industry
grew 25.9%, to $5.16 billion in 2015, and is expected to reach almost $11 billion
in 2021. The annual compound growth over the past 27 years has been an
impressive 26.2% and in the previous three years, growth has averaged 31.5%.
Although AM technology is constantly becoming more and more established and
mature, and often claimed as the ‘next industrial revolution’, there are still a lot of
challenges to its successful commercialization at a large scale[5]. In a roundtable
hosted by the Royal Academy of Engineers, several technology challenges of
52

Figure 2.1 Additive manufacturing processes classification
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Table 2.1 ASTM categorization of Additive manufacturing
Category
Binder jetting

Directed
energy
deposition

Description
A liquid bonding agent is
selectively deposited to join
powder materials.
Focused thermal energy is
used to fuse materials by
melting as they are being
deposited.

Material
extrusion

Material is selectively
dispensed through a nozzle
or orifice.

Material jetting

Droplets of build material
are selectively deposited

Powder bed
fusion

Thermal energy selectively
fuses regions of a powder
bed

Sheet
lamination

Sheets of material are
bonded to form an object

Vat photo
polymerization

Liquid photopolymer in a vat
is selectively cured by lightactivated polymerization.
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Processes
Three dimensional
printing(3DP)
Direct metal deposition (DMD),
Direct laser deposition, laser
engineered net shaping
(LENS), Multiple layer laser
cladding (CLAD).
Fused Deposition Modeling
(FDM), Fused Filament
Fabrication (FFF), Pressurebased Extrusion (PBE).
Polyjet, Aerosol Jet (AJ)
(sometimes also termed three
dimensional printing).
Selective laser melting (SLM)
and Selective laser sintering
(SLS,DMLS).
Electron Beam Melting
(EBeam)
Ultrasonic additive
manufacturing (UAM) and
Laminated object
manufacturing (LOM).
Stereolithography(SLA).

AM were discussed. Some of these challenges are related to the materials, the
available CAD software, the data management, the sustainability, the
affordability, the process speed, the process reliability, the intellectual property,
and the standards [8]. In this work we hope to shed light on the sustainability
challenge, by providing energy intensity values of different AM machines. This
information, in conjunction with the machine resolution, accuracy, materials and
production time, can help the designer make a more informed decision when it
comes to machine selection.
A key advantage of AM processes is the freedom that they provide to the
designers. This freedom allows the designer to come up with product designs
that cannot be manufactured via Conventional Manufacturing (CM). Conventional
Manufacturing processes, such as machining, have limitations on the part
geometries that can be produced. These limitations often result in inefficiencies,
as many areas of a part have excess material that cannot be removed in a costeffective way via conventional methods [5]. AM allows components to be
manufactured with a different approach by taking advantage of the layering
process. On the contrary, a key disadvantage of AM is that the manufacturing
build time per part can be significantly longer than traditional techniques such as
plastic injection molding or computer numerical control (CNC) machining.
This chapter is divided as follows; first, we will do a comprehensive literature
overview on what has been done in terms of energy consumption on this
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emerging manufacturing technology. Then the framework showing previous work
on energy intensity for AM, followed by a case study of the process and results of
energy intensity using binder-jetting technology.

Literature Review
Conducting energy consumption and energy impact assessment for new
manufacturing technology has been a challenging task for the past several years.
In the study by Gutowski el al. [9], it is stated that the use of materials and energy
by new manufacturing processes, including AM, seem extravagant and need to
be addressed. Energy is required in one form or another by different additive
manufacturing process technologies. Several sub-systems that require different
levels of energy intensity can be mentioned. Energy is required from delivering
material into the machine, maintaining thermal conditions, lasers, heater and high
energy sources, precise motors and controllers, and many other sub-systems
required to produce the additive part. It is understandable that the energy
consumption and power demands will vary across processes and are also unique
to each specific AM process [10]. This variation from process to process make it
difficult to compare this technology with each other. Watson et al. [10] suggests
that a tool, to capture all the energy consumption associated with each subsystem on the AM processes, needs to be used in order to accurately compare
each AM technology. Also, Watson et al. classified several sub-systems of AM
technologies into productive and non-productive time mentioning that it is
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important to optimize the non-productive time in order to minimize the total
energy consumption.
In the early stages of AM commercialization Luo et al. [11], performed an
environmental analysis of different Solid Freeform Fabrication (SFF) processes
including; Steriolithography (SLA), Selective Laser Sintering (SLS) and Fused
Deposition Modeling (FDM). Most of the data the authors used to do the
evaluation was based on the Environment and Resource Management Data
(ERMD) from the eco-indicators developed by PRé Consultants of the
Netherlands in 1995. The authors performed analysis on three SL machines, two
SLS machines and four FDM machines. Although, the study incorporated
different eco-indicators, the parameter that changed between each case was the
Energy Consumption Rate (ECR). The results presented by Luo et al.[11], in
terms of energy consumption, are summarized in Table 2.2 [11].
Following the same methodology of Luo et al, Sreenivasan et al. [12], studied the
sustainability of a more modern SLS machine: SLS Vandgurd™ HiQ+HS. The
authors measured the mean power consumption and then presented the ECR
calculated for the studied system.
Another study, based on the consumption of electricity, is presented by Mognol
et al. [13], the authors measure the energy consumption during the stand-by and
production phase across three AM machines: Stratasys 3000, 3DS Thermojet
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Table 2.2 ECR by process
Technology/

ECR

Machine

(kWh/kg)

SLA
SLA250

32.47

SLA3000

41.38

SLA5000

20.70

SLS
Sinterstation 2000

40.09

Sinterstation 2500

29.83

FDM
FDM 1650

346.4

FDM 2000

115.2

FDM 8000

23.08

FDM Quantum

163.69
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and EOS EOSINT M250 Xtended. The main focus of study was to find
differences in energy consumption based on the geometry orientation and part
location in the build envelope. The authors report differences on the overall
energy consumption throughout 18 different build orientations. While this study is
beneficial to understand the impact of geometry orientation to the energy
consumption, it is not useful to make comparisons across different technologies
and materials. This is due to the lack of information regarding the materials and
total mass of the printed parts.
In the environmental assessment of SLS and SLM technologies performed by
Kellens et al.[14, 15], different sub-systems were monitored. The authors perform
a time, power consumption, consumables and waste materials study in order to
develop a Life-cycle analysis. For the SLM, the authors use a Concept Laser M3
Linear machine with AISI 316L stainless steel material. For the SLS power
consumption, measurements used an EOSINT P760 with two different materials:
Fine Polyamide PA2200 and Glass-filled Fine Polyamide PA3200GF. Results in
terms of the energy consumption rate of the study are shown in table 2.3 [15].
Baumers et al. [16] relate the energy consumption with build utilization,
mentioning that a solution to reduce the energy consumption per part is to
produce multiple parts at the same time instead of only one part per bed build
volume. By nesting parts to utilize the entire volume of the build average, the
non-productive process time across multiple parts, therefore reducing the net
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Table 2.3 ECR by process and material thick layer
EOSINT P760

PA2200@12µm

PA2200@ 15µm

PA3200GF@
15µm

ECR (kWh/kg)

36.5

39.8

Concept Laser M3 AISI 316L (X5CrNi18-10) @ 30µm
Linear
ECR (kWh/kg)

26.89 (calculated)
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26.3

energy per part. In another study by Baumers et al.[17], a comparative
assessment of electricity consumption of two metallic AM technologies was
performed.
The authors examine the energy consumption rate of an SLM machine and an
EBeam machine. An interesting aspect of this study is that the authors use
standardized geometry to monitor the energy consumption on both AM
processes. Later on, Baumers et al.[18], recorded the energy consumption of an
EOSINT M270 a DMLS system in order to validate an energy estimation model
and cost estimation model for AM technologies.
Telenko and Seepersad [19], made a comparative evaluation of the energy
consumed between an SLS fabricated part versus the same part using injection
molding technology. The author found that SLS is more energy efficient per part
for small production volumes than injection molding when the energy investment
of manufacturing the mold plate is accounted for.
Yoon et al.[20], made a comparison of energy consumption for various
manufacturing processes including bulk forming, subtractive and an AM. The
authors made the comparison by using the same part throughout all three
processes. Injection molding, including the mold fabrication, for the bulk forming
process, a CNC machining for the subtractive process and FDM technology for
the AM process. Results of their study can be found in table 2.4.
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Table 2.4 Specific Energy Consumption by technology
Technology

Injection Molding

CNC

(including mold

Machining

FDM

fabrication)
SEC (kWh/kg)

222.0

10.9
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191.3

In a recent study by Malshe et al.[21], the authors compare the energy
consumption of a novel SL technology known as Mask Image Projection
Stereolithography (MIP-SL) to the SLS results obtained by Luo et al.[11] using a
similar Epoxi resin as the study material. The authors present that the MIP-SL
technology has a significantly lower ECR 13.87 kWh/kg than the ones presented
by Luo et al.[11]
In an inserting study, Kertbal et al.[22], focused on the layer movement strategy
to assess the sustainability impact. The authors present a model to calculate the
energy consumption for one layer based on the movement of the axes. The
authors compare the energy consumption of a zig zag and a zig zig layer
movement arriving at the conclusion that these strategies do not affect the
energy usage.
Additive manufacturing is a technology that is still in the early stages of
development, although, it has evolved at a very fast rate. Most of the studies that
have been done so far, in terms of sustainability and environmental impact of this
technology, are related to the energy consumption of the machine during
process. But it is still not possible to do direct comparisons in terms of
sustainability, or more specifically in terms of energy consumption, between AM
technologies.
There are different reasons why a direct comparison, in terms of energy
consumption between various AM technologies, is scarce and the one that is
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available is not very in makeing comparisons. Watson et al.[10], made the
following list highlighting these reasons:
1. The materials used are not the same between studies and, often not the same
within a study.
2. The studies may be specific to a design, making it difficult to generalize.
3. Energy consumption differs and is dependent on the manufacturing process,
the machine being used, the material being processed, and the parameters
employed[17, 23].
4. For laser or electron beam melting (EBM) processes the rated output power is
mentioned but the required input power of the whole system is not. This results
in not considering the conversion efficiency of the system [10].
5. Total energy consumed is reported without normalization for volume or mass
basis. This makes it difficult to use these results to generalize the data. Also,
operating power level of the machine is reported but time and material deposited
(volume and mass) are not.
6. The results are often focused on the deposition process itself and do not
consider pre- and post- processes [24]. The whole life-cycle of the manufacturing
process needs to be considered.
Huang et al. [25] identifies that there are two areas that need to be explored; an
accurate evaluation of the energy consumption of AM processes and their
potential occupational hazards. This work addresses the first area. In order to
64

create a more exact comparison between AM technologies and conventional
manufacturing (CM) processes, it is necessary to study the entire production
cycle. Although, there is still importance in creating a comprehensive dataset of
energy consumption of different AM technologies.

Energy Consumption Analysis Framework for Additive
Manufacturing
The main goal of this section is to show an energy inventory for different additive
manufacturing processes. Power consumption was measured for the NIST
standard artifact [26] when possible; if not, then other parts were used.
Power monitoring setup
The Yokogawa CW-240 power meter and two current transformers clamp-on
were used in this research to measure and record data. Total power input was
calculated across the three phases of the connection. Figure 2.2 shows a threephase three-wire system with load attached using the two wattmeter method for
measurement. Two line-to-line voltages and two associated phase currents are
measured. The four measurements (line-to-line and phase current and voltage)
are utilized to achieve the total measurement. Since this method requires only
monitoring two currents and two voltages instead of three, installation and wiring
configuration is simplified. It can also measure power accurately on a balanced
or an unbalanced system.
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Figure 2.2 Yokogawa connection diagram
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Its flexibility and low-cost installation make it a good fit for production testing in
which only the power or a few other parameters need measurement.
The main variable this work is using for creating the Specific Energy
Consumption is the mean real power consumption measured every cycle. The
cycle length used to calculate the power consumption was 1 second. This is the
shortest sample rate possible where full range of variables are still available. The
mean power consumption in watts is calculated by an accumulative measure of
the energy consumed by the machine every 1 s cycle. There are several distinct
types of additive manufacturing machines, from floor size models to desktop
room-size machines. In terms of the electric system, we can categorize in, singlephase and three-phase. In order to measure the three-phase system correctly,
each phase need to be separate in order to create a specific configuration. The
power P can be calculated using the following formulas for single-phase and
three-phase systems.
𝑃 = 𝑉𝑚 ∗ 𝐼𝑚 ∗ 𝑝𝑓
𝑉𝐿
𝑃 = ( ) ∗ (𝐼1 + 𝐼2 + 𝐼3 )
√3
Where 𝑉𝑚 is the measured voltage of the single-phase system, 𝐼𝑚 is the
measured current of the single-phase system, and 𝑝𝑓 is the power factor
measured. On the three-phase system 𝑉𝐿 is the line Voltage measured and
𝐼1 , 𝐼2 , 𝐼3 is the current flowing in each measured phase. In our system, where we
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use the two line-to-line voltages and the two associated phase currents, the total
power is calculated by the following formula.
𝑃𝑡 = 𝑃1 + 𝑃2
Where 𝑃1 is the power associated with the voltage and current measure with V1
and CH1 and here 𝑃2 is the power associated with the voltage and current
measure with V2 and CH2 of the system as seen on figure 2.2.
In the case of the three-phase systems, a special box to access each phase was
designed following NEC and UL safety standards, as seen in Figure 2.3. This box
connects in series with the machine and the power source, leaving each one of
the phases accessible, and then the power meter was used inside the box
following the previously mention configuration. With this approach it is easy to
change the plugs connectors and then measure different loads or machines
without much set-up change.
NIST Standard Artifact
In 2012 the National Institute of Standards and Technology (NIST) present a
project to facilitate the widespread adoption of metal-base additive processes.
The goal of this project was to accomplish a better science-based understanding
of the process via improved measurements, test methods, and standards [26].
This project produces a standard part with several characteristics important to
the easy use of the part.
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Figure 2.3 Measuring box
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Some of these characteristics are: easy measurement with commonly available
measurement equipment, a trade-off to measure the entire build volume and not
consuming too much time and material, a design that minimizes other variables
such as support structure and post-processing, a design that allows various tests
of mechanical and physical properties, and a design that minimizes the
mechanical impact in each layer. The CAD model measures 17 mm tall and has
an approximate volume of 101,000 mm3. This CAD is model then converted into
an .STL file which divides the model into triangles. Then the printer software
creates the layers based on the triangles.
Figure 2.4 shows a solid model of the test artifact showing a top view (left) and
an oblique view (right) with arrows pointing to important features [26].
Energy Intensity previous work in Additive Manufacturing
In a collaborative study between Oak Ridge National Lab Manufacturing
Demonstration Facility (ORNL-MDF) and the Electric Power Research Institute
(EPRI), several AM machines were studied in order to obtain their energy
consumption rate or energy intensity. Table 2.5 shown the results of the study.
Since there are many differences between the machines, two general categories
were used; they were categorized into desktop and floor systems. The desktop
machines were ones small enough to fit in a normal desktop and priced relatively
low.
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Figure 2.4 NIST Additive Manufacturing artifact
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Table 2.5 Energy intensity data of various Additive Manufacturing systems
Energy
Intensity
(Wh/g) or
(kWh/kg)

No

Model
Type

Make

Model

Material

Part

Build
Time

Energy
(kWh)

Part
Weight
(g)

1

Desktop

Stratasys

PLA

2.97

Lulzbot

5hr
42min
32 min

112

Desktop

NIST
Artifact
Octopus

0.333

2

Maker
Bot 2
TAZ 3

0.032

6

5.33

3

Desktop

Cubify

Cube 2

PLA

51

6.63

Desktop

Stratasys

PLA

0.693

99

7.00

5

Desktop

CMECNC

Maker
Bot 2x
Rostock

0.72

89

8.09

6

Desktop

Stratasys

1.27

94

13.51

7

Floor

M-Lab

Uprint SE ABS M30
Plus
ExOne
Metal

0.485

21

23.10

8

Floor

Stratasys

96

76.75

Floor

Stratasys

NIST
Artifact
NIST
Artifact

7.368

9

Fortus
400MC
Fortus
900MC

7hr
17min
5hr
38min
5hr
26min
3hr 27
min
3hr 15
min
4hr 23
min
4hr 23
min

0.338

4

NIST
Artifact
NIST
Artifact
NIST
Artifact
NIST
Artifact
logo partial

10.626

96

110.69

PLA

PLA

ABS M30
ABS M30
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Table 2.5 Continued

No

Model
Type

10

Floor

11

Floor

12

Floor

Make

Model

Material

Part

Build
Time

3D
Systems
+
NESLAB
Stratasys

SLS S
Pro
60HDHS
+ Chiller
Fortus
900MC

SLS
Duraform
PA

NIST
Artifact

2hr 45
min

10.042
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Energy
Intensity
(Wh/g) or
(kWh/kg)
139.47

ULTEM
9085

NIST
Artifact

2 hr 50
min

15.912

115

138.37

BAAMCincinnati

BAAM

Carbonfiber
+ ABS

Various
parts

0hr 49
min

9.62

8346

1.2

73

Energy
(kWh)

Part
Weight
(g)

This desktop types of machines were designed for non-industrial applications
and do not support a high speed process. The floor machines require more
space for their setup, their processing speed is higher than desktop models, and
some of them can be used for industrial applications.
In the following paragraphs, some specifications of each one of the printers used
in the study are mentioned. The experiment list is ordered starting with the printer
with the least energy consumption to the most energy consumption with the
exception of the Big Area Additive Manufacturing (BAAM) which is mentioned at
the end due to their big difference on volume capacity and layer thickness. First,
we will be discussing the Desktop machines, due to their size and capacity, these
follow the expected lower power consumption.
The Stratasys MakerBot Replicator 2 was used for the first experiment. This
printer uses Fused Deposition Modeling and has a build volume of 28.5L X 15.3
W X 15.5 H cm with a layer resolution of 100 Microns. The filament diameter and
nozzle diameter is 1.75mm and 0.4mm respectively. The AC electrical input of
the MakerBot Replicator 2 is 100-240 Vac which is converted to a 24 Vdc 6.25
Amps system. For this experiment, the machine was connected to a nominal 120
Vac.
The Lulzbot TAZ 3D printer was used for the second experiment. This hot
extrusion printer has the following specifications. It has a build volume of 298mm
x 275mm x 250mm, a print speed of 200mm/sec, a layer thickness of 0.075mm –
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0.35mm, and the filament size is 3mm. The power requirements are 110 – 220
VAC. This experiment uses a 120 Vac nominal connection.
The Cubify Cube 3D 2nd generation was used for the third experiment. This
printer used the technology of plastic jet printing. It has a build volume of 140 x
140 x 140 mm, the layer thickness is 250 microns or 0.25 mm, the electrical input
of this printer is 100-240 Vac with an internal rating of 24 Vdc 3 .75 amp.
The Stratasys MakerBot Replicator 2X was used for the fourth experiment. This
printer uses Fused Deposition Modeling and has a build volume of 25L x 16 W x
15 H cm with a layer resolution of 100 Microns. The filament diameter and nozzle
diameter is 1.75mm and 0.4mm respectively. The AC electrical input of the
MakerBot Replicator 2 is 100-240 Vac which is converted to a 24 Vdc 9.2 Amps
system. For this experiment, the machine was connected to a nominal 120 Vac.
The main difference between MakerBot 2X and MakerBot 2 is that the 2X has
two extruder nozzles which allow the printer to use 2 different color filaments at
the same time. Only one color was used for this experiment.
The SeeMeeCNC Rocstock printer was used for the fifth experiment. This
machine is commonly known for its Do-it-yourself assemble procedure. The build
volume is 280 x 197 x375 mm, resolution is 0.1mm (100 microns) and the layer
thickness is 0.0125mm. The filament diameter used is 1.75mm and the nozzle
diameter is 0.5mm. Their power input is 100-240 Vac. The nominal 120 Vac was
used on this experiment.
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The sixth and final experiment using a desktop printer was using the Stratasys
Uprint SE Plus. This printer uses FDM as their technology and has a build
volume of 203 x 203 x 152 mm. The layer thickness of this printer is 0.254 mm or
0.330 mm. These two options on layer thickness allow for faster prints when
higher resolution is not needed. On this experiment the 0.330 mm was used.
The power requirement on this machine is 100-240 Vac.
Now, the Floor machines used in the experiments will be described. Several of
these machines are designed for research purposes and have small
modifications compared to the OEM specifications.
The M-lab model of the binder jetting technology from Ex-One manufacturer was
used for the seventh experiment. This model was designed to be used in a
research and or educational setting and it has a great flexibility in terms of
materials used to print parts. This model can work with metal, ceramic, glass,
wood and polymers with simple changes on binder type. The M-lab has a build
volume of 40 x 60 x 35 mm (1.5 x 2.3 x 1.3 in.), along with a build speed of 1
minute/layer. The layer thickness is variable with minimum of 0.05 mm and the
print resolution in X/Y is 0.0635mm, and in Z is 0.100mm. The electrical
requirements for this machine are 120 VAC / 60 Hz with 4.1Amps. The data
interface used is STL. In this experiment, the material used to print was stainless
steel 420, this was the only metal build analyzed in these experiments.
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Experiment number eight and nine used the same technology FDM from the
same manufacturer Stratasys, with the only difference being the printer model.
The Fortus 400mc was used in the eight experiment, this machine was designed
for rugged prototypes that function like your end product, manufacturing tools
that deliver under pressure, and production parts built on-demand. The
Specifications for this machine are, Build envelope size is 406 x 355 x 406 mm
(16 x 14 x 16 in.)
Case with Binder Jet
Motivated by the low energy intensity of a metal part obtained by the Binder
Jetting printer M-lab, this project focuses on a case of a production system using
the same technology. Binder Jetting is a technology originally developed at MIT
in the 1990s and commercialized in 2010. This technology was designed to
handle different types of materials including, sand, polymer, glass, and metal
alloys. The binder jetting printing process can be divided into several phases:
printing, curing, de-powdering, sintering, infiltration, annealing, and finishing.
However, only the first four phases are required to obtain a functional part.
Infiltration, annealing and finishing is required depending on the characteristics
required of the part. In our case study, we measure the energy consumption from
the printing phase and the curing oven. Figure 2.5 shows a diagram of the Binder
Jetting printer. As with other powder based additive manufacturing methods, the
object being printed is self-supported within the powder bed and is removed from
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Figure 2.5 Binder Jetting process model
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the unbound powder once completed. The following is the printing process step
by step.
1. The build platform is covered with the powder material using the roller.
2. The binder jet print head deposits the binder adhesive on top of the
powder where required, creating the first layer of the object.
3. The heating element passes by the area where the binder was sprayed to
partially dry the object layer.
4. The build platform is then lowered by the CAD model’s layer thickness.
5. Another layer of powder is roll over the previous layer. The object is
formed where the powder is bound to the liquid binder.
6. Unbound powder remains in position surrounding the object and providing
support.
7. The process is repeated until the entire object has been made.
Xu et al.[27], created a model to calculate the energy consumption of the printing
process using a virtual manufacturing system. The authors were capable of
estimating the energy consumption of a part by utilizing the part geometry and
printing parameters. The authors created a workflow of energy simulation
following the IDEF0 methodology. The Printing phase was analyzed by
decomposing the operation into sub-operations, dry printed layer, spread new
layer and print new layer. Later on, Xu et al [27] validated their model measuring
the power consumption of a cylinder and comparing it with the model output. The
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model was 99.02% accurate when the geometry is placed at 0 degrees vs
97.64% accurate when printed at 90 degrees. In our case study, we are primarily
interested in the Energy intensity of the Production size Binder jetting machine.
The data acquired by this study will be of great value to be used in the future and
to be incorporated into a Life-Cycle Inventory.
Using the methodology described in the power monitoring section to accurately
evaluate and measure the energy consumption of the printing process, we focus
on the ExOne® M-Flex Binder jet as a case study. To measure the energy
consumption, we separate the process into three stages; the printing, the curing,
and the sintering. The actual energy was measured in the printing and curing
stages but estimated in the sintering process. The line voltage of the system for
the printing and curing stages was 235 V. The sintering stage uses a Spark
plasma sintering electric furnace. Measures were taken from two different prints.
One print was an engine block and the other the NIST artifact standard, both
prints were in stainless steel metal alloy. The following print settings were used
with the ExOne M-Flex Binder jet printer: Layer thickness= 0.2 mm. Powder
packing rate= 60%. Desired binder saturation=70%. Spread speed = 0.5 (initial)–
2.0 mm/s. Drying time between each coat = 25–40 s.The Material used was
stainless steel 420. Both parts were printing following the same print settings,
one being the NIST artifact while the other was the diesel engine block.
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The engine block was in que to be printed and we used it as an example for a big
volume print.
With the measuring system in place, we recorded the energy consumption data,
including the total energy used and power demand with a sampling rate of one
second. Figure 2.6 and Figure 2.7 shows how the ExOne machine uses power
through-out the printing process of the NIST artifact. We can clearly see the
warming up period, the printing stage and the cleanup stage. During the warm up
and printing stage, we can say that the highest use of power was during the time
the heating lamp was drying the previously sprayed powder, which was step
three of the printing process. After calculations using part dry weight and the data
obtained from the power measuring system, the energy intensity was calculated
for both parts following a simple formula of dividing the total energy used in Kwh
by the part weight in Kg.
𝐸𝑛𝑒𝑟𝑔𝑦 𝑖𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 =

𝐸𝑛𝑒𝑟𝑔𝑦 𝑢𝑠𝑒𝑑 (𝑘𝑊ℎ)
𝑃𝑎𝑟𝑡 𝑤𝑒𝑖𝑔ℎ𝑡 (𝑘𝑔)

Important information like the material used, time spent to print, as well as, the
energy intensity for both parts of the printing stage, can be found in table 2.6.
Also, the energy used measured for the oven is listed as No 2.1 on table 2.6.
The curing stage energy used was only measured for the NIST artifact. This
gives a good estimation of the curing oven energy used since most parts are dry
based on time and not on volume. Although, the volume of the part can influence
on the energy the oven used, this is not a substantial change. In this stage, we
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Warm-up

Printing

Figure 2.6 Average power demand per second in Watts
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Cleanup

1
302
603
904
1205
1506
1807
2108
2409
2710
3011
3312
3613
3914
4215
4516
4817
5118
5419
5720
6021
6322
6623
6924
7225
7526
7827
8128
8429
8730
9031
9332
9633
9934
10235
10536
10837
11138
11439
11740
12041
12342
12643
12944
13245
13546
13847
14148
14449
14750
15051

Total Energy Use (Wh)

5000.00

4000.00

3000.00

2000.00

1000.00

0.00

Figure 2.7 Total energy used in Watt-hour
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Table 2.6 Energy Intensity Data Binder-Jetting

Energy
(kWh)

Part Weight
(kg)

Energy
Intensity
(Wh/g) or
(kWh/kg)

20.01

14.696

1.4

No

Model Type

Make

Model

Material

Part

Build
Time

1

Floor

ExOne

MFlex

420 SS

Engine

25h

Block

53m

NIST

4h 6m

3.97

0.430

9.23

NIST

8h

38.81

0.430

90.25

2

Floor

ExOne

MFlex

2.1

Floor

Oven

PMP300

420 SS
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can see that there is opportunity to reduce the energy consumption by reducing
the curing time.
With the incorporation of the energy intensity value into a LCI, we can obtain
better Life-cycle assessment estimates of this technology.
Figure 2.8, and 2.9, is the CAD model for the engine block printed. This part has
some complex geometric designs and due to printer build size capacity was cut
in half to be able to fit into the printer. Although the part has some internal
geometry, this was not as complex as the NIST artifact contributing to a lower
amount of energy use. Figures 2.10 and 2.11 are the CAD model of NIST artifact
printed; the NIST artifact was discussed in more detail in the NIST standard
artifact section of this chapter.

Discussion
This chapter shows a framework to measure and calculate energy intensity of
different Additive Manufacturing technologies. The data presented shows that the
energy intensity of all the technologies studied varied gratefully and that each
technology has their advantages over others. In terms of production systems or
floor machines with capability of metal printing, it is noted, that the Binder Jetting
technology has an advantage in terms of energy consumption, over other metal
capable systems, only if taking in consideration the printing phase. With the
curing phase and sintering phase, including the energy consumption of the
Binder Jetting technology, is higher than other metal-based technologies like
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Figure 2.8 Sideview of engine block
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Figure 2.9 Sideview of bottom of the engine block
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Figure 2.10 Isometric view of the NIST artifact CAD model
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Figure 2.11 Top view of the NIST artifact CAD model
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Electron Beam Melting. The Framework shown in this chapter is expected to help
the data availability and process of different AM systems. The future analysis of
sustainability in Additive Manufacturing, after reviewing the energy consumption
of the two printed parts it can be said that the geometry complexity influences the
consumption of power.
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CHAPTER III
LIFE-CYCLE ENERGY ASSESSMENT OF AEROSPACE 3D
PRINTED PARTS
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Abstract
In this chapter, the analysis of three additive manufactured parts from three
different aerospace companies is shown. The analysis follows the Life Cycle
Energy Assessment Methodology and uses the Life Cycle Assessment Tool
created by the Oak Ridge National Lab to compare the printed part to a
traditional manufactured path. For this analysis, the energy consumption of the
manufacturing process of each part was collected and provided by the company.
The obtained information from the companies was then incorporated into the
LCA Tool where the three parts are then compared to a traditional manufacturing
process path.

Introduction
Sustainability and Life Cycle Assessment
During the last few decades, there have been numerous papers, books, and
conferences that have focused on the subject of reducing the anthropic impacts
on the planet and motivated the development of new processes and methods
that can promote sustainability. Sustainability or sustainable development “is
development that meets the needs of the present without compromising the
ability of future generations to meet their own needs” [1]. Sustainable
development and sustainability are ideas and concepts used with increasing
frequency in today’s globalized world. Since the original definition was a little
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vague in 2005, their goals were redefined as the balance among economic
development, social development and environmental protection [2], which are
often referred to as the three bottom lines of sustainability or the three pillars of
sustainability as shown in Figure 3.1 [3]. These three goals cannot be mutually
exclusive and need to overlap in order to obtain a sustainable process. One
central question is “How do we guarantee more sustainable practices into the
future?” The answer is by applying life cycle thinking (LCT) (also known as the
life cycle perspective) to the pillars of sustainability [4]. The practice of LCT helps
to incorporate the sustainable development goals into decision-making
processes and to go beyond the more narrow traditional focus on an enterprise’s
manufacturing site. The LCT also means taking into account the environmental,
social and economic impacts of a product over its entire life cycle (from raw
material extraction through materials processing, manufacturing, distribution,
use, repair and maintenance, and disposal or recycling) and value chain. The
United Nations Environment Program (UNEP) and the Society of Environmental
Toxicology and Chemistry (SETAC) have used the life cycle approach since the
1990s and have had a partnership initiative since 2003. The UNEP/SETAC Life
cycle Initiative also contributes to the activities of UNEP’s Green Economy
Initiative that aims at catalyzing a transition to a low-carbon, high-tech and
resource-efficient global economy, using ‘beyond GDP’ indicators. Increasing
interest in developing methods to better understand and address the impacts of
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Figure 3.1 Sustainability Overlapping Circles
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products along their life cycles has been stimulated by a growing global
awareness of the importance of protecting the environment; an
acknowledgement of the risks of trade-offs between possible impacts associated
with products (both manufactured and consumed); and the necessity of taking
climate change issues into account. SETAC used this LCT approach and gave
origin to the Life cycle assessment (LCA) methodology in 1990 by generating the
first document in which the name of the method and a general structure, still valid
today, were presented. Later on in 1997, the LCA methodology presented by
SETAC was used as a basis to create the standard of ISO14040-43, called
lifecycle assessment standards by the International Standard Organization (ISO).
Furthermore, ISO14041, ISO14042, and ISO14043 were developed to detail the
standards at different LCA steps. In ISO14040, the term of the Life cycle
assessment is defined as “compilation and evaluation of the inputs, outputs and
the potential environmental impacts of a product system throughout its life cycle”.
This definition means that the LCA methodology studies the environmental
burdens and impacts of all stages in a product’s life, from raw material acquisition
to disposal. The stages also include product production or manufacturing,
product usage, and product and material recycle. This all-stage analysis is also
known as a “cradle-to-grave” approach. ISO14040 mentions that some of the
general categories of environmental impacts to consider are resource use,
human health, and ecological consequences.
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AM Energy Impact Assessment Tool
When new products, materials, and processes need to be evaluated, the
traditional energy analysis methods tends to be used. These traditional methods
evaluate technologies narrowly, where impacts are assessed at the plant level or
on an industry sub-sector basis. A more comprehensive assessment of
theenergy impacts considers energy requirements from all phases (cradle-tograve/cradle), which requires an accurate accounting at each phase. This tool
uses the Life Cycle Assessment methodology to estimate the impact of the
technology in each phase. Figure 3.2 shows a model Life-cycle flow for the
Additive manufacturing technologies. Although all stages are considered during
this work, the focus is mostly on the manufacturing stage since the new data was
collected in this stage.
The energy assessment tool was developed by the Oak Ridge National Lab
(ORNL) Manufacturing Demonstration Facility (MDF) under the support of the US
Department of Energy Advance Manufacturing Office (AMO). The tool is a user
friendly excel workbook in which the user can select between four different
scenarios to compare AM. The first scenario, which is the one used in this work
compares Additive Manufacturing technology to their counterpart process in
Conventional Manufacturing. The Second scenario compares two different AM
processes. The third scenario compares two different part geometrics in the
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Figure 3.2 Life-Cycle flow cradle-to-grave
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same AM process. The fourth and last scenario compares an AM process when
some efficiency improvements have taken place.
In the first scenario, the tool estimate the energy used per part in five stages for
both AM and CM. These stages are considered individually to generate the used
energy per part. The first stage is the Material energy used, here the tool
estimates the energy required to produce and process the material required to
manufacture the part via AM and CM. The second stage is the manufacturing
energy use, which calculates the energy required to manufacture the part, also
calculate both AM vs CM methods. During this stage, the energy consumption for
the AM process is either measured directly on the process or assumed based on
the weight of the part and the AM process technology’s previously measured
energy consumption studies. The next stage is Fright and distribution energy, this
stage calculates the energy required to transport the finished part to their final
destination. The total weight of the part plus the packaging is used. In addition,
all the distances and modes of transportation are required to estimate the energy
use on this phase. The last two stages considered in this study are the use, and
disposal energy required of the part. In the Use stage it is taking into
consideration if the part will be used in a vehicle or in a fix location. This is where
most of the energy saving occurs due to the lightweight parts produced via AM in
the aerospace market. The Disposal stage energy used is based on the capacity
of the materials used to be recycled in total or partially. In all the stages one of
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the main variables is the total weight of the initial material required and the total
weight of the final part produced.

Literature Review
In 2013, Florent Bourhis and Olivier Kerbrat of Institut de Recherche en
Communications et Cybernétique de Nantes, France [5] presented a
methodology to evaluate AM where all flows consumed (material, fluids, and
electricity) are considered in the environmental impact assessment. Their article
presented a life cycle framework to evaluate the energy consumption in the AM
machine. They modeled each feature of the machine such as electricity, material,
and fluid consumption. Their study excluded some parameters like powder
production, inert gas production, hydraulic fluid production, and compressed air
production and consumption. In addition, their approach did not include powder
recycling, material and energy used to manufacture the machine tools, parts
recycling, machine tool recycling, etc.
In June 2013, Martin Baumers of the University of Nottingham [6] investigated in
their Journal of Industrial Ecology article whether the adoption of AM technology
can be used to reach transparency in terms of energy and financial inputs to
manufacturing operations. As per Baumers, the parallel character of AM
(allowing the contemporaneous production of multiple parts) poses previously
unconsidered problems in the estimation of manufacturing energy consumption.
Their research discusses the implementation of a tool for the estimation of
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process energy flows and costs occurring in the AM technology variant direct
metal laser sintering. They demonstrated that accurate predictions of
manufacturing energy consumption per part can be made for the production of a
basket of sample parts. The AM Energy Impacts Assessment tool uses the
manufacturing phase energy estimation methodology discussed in Baumers’
article [6].
Components for Energy Efficiency in Transport by Additive Manufacturing
(CEEAM) project [7] is funded by the Transport iNet (part of the East Midlands
Development Agency, UK). The CEEAM project tackles issues preventing the
growth of AM in the high performance engineering sector, with a specific focus
on the space industry. At present, it is not possible to exploit the advantages of
AM due to concerns with respect to the integrity of the parts. One of the primary
concerns is that every layer must be processed correctly otherwise part integrity
is jeopardized. Moreover, before a new manufacturing process or material can be
used for demanding space applications, a qualification process must be
undertaken. The project also produced lightweight satellite components. The
current launch cost of a satellite is about $13,800 per lb of load, so reducing
weight showed clear economic and environmental benefits. Within this project,
only the final part weight was considered and not the energy implications of
either the raw material used or the manufacturing efficiencies of AM.
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Led by Loughborough University in the UK, the Atkins project [8] was set out to
understand and quantify the energy efficiency and environmental benefits of
using the AM process for the production of components within the aerospace and
automotive supply chain. Aircraft TV monitor arms were redesigned using
topological optimization software to significantly reduce mass while maintaining
strength and stiffness. The parts were then manufactured using laser sintering or
selective laser melting (SLM). These AM processes were found to consume
between 10 and 100 times more energy per lb of material processed than
computer numerical control (CNC) machines but reducing the weight by 5.25
lb/arm for these parts. Despite increasing the direct energy required to
manufacture the part, the AM process reduces manufacturing sector energy
through the reduction of aluminum requirements. However, these savings are
relatively minor compared to the use-phase energy savings that lighter aircraft
parts allow if deployed into airline fleets.
The research work at The University of Texas at Austin [9] quantified the material
and energy use of Selective Laser Sintering (SLS) nylon parts and compared
these estimates with Injection Molding (IM) parts. The results indicated that SLS
nylon parts are not as energy efficient as IM parts when considering nylon
material and energy consumed during the material and part production process.
They didn’t take into consideration freight and distribution, use phase, and end of
life phases in their research work. Supply chain effects such as reduced freight
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and distribution and infrastructure costs could make SLS more favorable.
Additionally, one of the advantages of SLS is its ability to produce parts that
cannot be manufactured using IM. These parts, with optimized geometries, have
the opportunity to increase the efficiency of end-use applications.
The SAVING project (Sustainable product development via design optimization
and AdditiVe manufacturING) was established in September 2009 [10] and
funded by the Technology Strategy Board in the United Kingdom. The SAVING
project focused on design and process optimization, applied to AM, with the
objective of creating innovative designs that could be manufactured or used more
efficiently than with conventional practices. Design optimization and analysis of
hollow and cellular structures was investigated, and parts were manufactured
using the EOS Direct Metal Laser Sintering (DMLS) process. Through a series of
case studies from the aerospace and automotive industries (cylinder head, heat
exchanger, airline buckle, etc.), the project demonstrated that DMLS can be used
to reduce the energy impact of vehicles by designing and manufacturing parts
that weigh less.
In 2004, Jeffrey Dahmus and Timothy Gutowski with Massachusetts Institute of
Technology [11] presented a system-level environmental analysis of conventional
machining process in their ASME paper. The analysis presented considers not
only the environmental impact of the conventional material removal process, but
also the impact of associated processes such as material preparation and cutting
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fluid preparation. This larger system view results in a more complete assessment
of machining. Energy analyses show that the energy requirements of actual
material removal can be quite small when compared to the total energy
associated with machine tool operation. Also, depending on the energy intensity
of the materials being machined, the energy of material production can, in some
cases, far exceed the energy required for machine tool operation. This work can
be used to do similar kinds of analysis on AM processes.

Methods
The following section will discuss the process it took to collect the data and the
use of the Energy Impact assessment tool used to generate the energy
assessment of three aerospace parts printed with three different technologies.
After the individual companies selected the three parts, a survey was conducted
to collect the data. The survey was created to be able to understand the part, the
technology used to manufacture the part and to which possible conventional
manufacturing can the part be compared. In addition, the survey was tailored to
address the required data inputs to the AM Energy Impact Assessment tool.
The Survey was divided into four stages in order to facilitate the data
organization. These stages are: 1. Design, 2. Materials, 3. Manufacturing
process and 4. Testing. Following is the survey with all the questions.
“Questionnaires for Aerospace Companies involved
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Note: please try to answer the questions as much as possible before the
experiments. Some data may be collected during the experiments while some
other data will be collected from other sources.
Part Description-.
1. Design
a. Is the part re-designed for Additive Manufacturing?
b. Is the part currently in production via conventional manufacturing?
2. Materials
a. What materials and their volumes are required in the production of
this part via CM?
b. Are the same materials used in AM?
i. If not, what are the materials to produce this part on AM?
c. How much material is required to produce this part on AM?
i. In what ratio are the materials used?
d. Is any material recycled?
e. Is the embodied energy of the materials known? If so, please list
them.
f. Is the supplier of materials known? If so, please provide the name
of the supplier and contact information
g. Is the cost of the materials known? If so, please provide the
information.
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h. What is the lead time to acquire the materials? If so, please provide
the information.
3. Manufacturing Process
a. What process is used to produce this part via CM?
b. What process is used to produce this part via AM?
c. What is the total time to produce the part via CM?
d. What is the Energy consumed to produce the part by the process of
CM?
e. What is the total time to produce the part via AM?
f. ~What is the Energy consumed to produce the part by the process
of AM?
g. Is there any post-machining or tooling process if the part is produce
via CM? If any,
i. What processes are used?
ii. What is the processing time?
iii. What is the energy consumed during the post-processing?
h. Is there any post-machining or tooling process if the part is produce
via AM? If any,
i. What processes are used?
ii. What is the processing time?
iii. What is the energy consumed during the post-processing?
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4. Testing
a. Is there any testing procedure done to the part?
i. What is the energy consumed to perform the mentioned
testing? ”
After the companies supply the initial answers to the survey, the data was
organized per stages. Table 3.1 show the results obtained from the survey. The
information in bold was not provided by the companies and was estimated The
data obtained from the companies, in conjunction with the data collected from
external sources, will help to create the scenario to run the energy assessment
tool.

Results

With the data obtained from the survey and energy consumption measured by
each individual company, scenario one of the tool was run. The output of the tool
can be found in two forms, as a graphic for quick analysis and as a table to show
numeric results. The graphic output result of Company one, two and three are
shown in Figures 3.3, 3.4, and 3.5 respectively. On these graphs we can see
where the major energy savings is, if any, from Additive Manufacturing vs
Conventional Manufacturing. Also, tables 3.2, 3.3, 3.4 show the numerical results
for the three companies.
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Table 3.1 Companies data survey compilation
Surveyed company

Company one

Company two

Company three

Design

No re-design, currently in CM

The part was design for

The part was design for AM

production

AM process testing. Not

process testing. Not a

a functional part. No

functional part. Estimations

estimations made for CM

made to CM process

process
Material

Titanium 6Al-4V

ABS-ESD7

Inconel 625

Manufacturing

Arcam EBeam

FDM

SLM> Heat Treat> wire

Process
Testing

EDM
No direct testing

Point cloud scanning

NDE inspections. liquid
penetrant/Xray/CT

Material Lead Time

1 week

< 1 week

2 months

Material Embodied

No Data provided.

No Data provided.

No Data provided.

No Data provided.

Recycling is not

No Data provided.

Energy
Recycling Embodied
Energy

intended.
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Table 3.1 continued
Surveyed company

Company one

Company two

Company three

Manufacturing

Measured at company one

Measured at company

Measured at company three

Process

location

two location

location

Production Time

15 hours

7 hours

Unknown

Post Processing

Milling. Need to measure the

none

Wire EDM and Heat

energy used

treatment. Need to measure
the energy used

Testing

No direct testing

Point cloud scanning

NDE inspections. liquid
penetrant/Xray/CT

Testing time

No direct testing

No Data provided.

No Data provided.

Energy Used

No direct testing

No Data provided.

No Data provided.

111

Figure 3.3 Company one graphic results
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Figure 3.4 Company two graphic results
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Figure 3.5 Company three graphic results
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Table 3.2 Company one numeric results

Life Cycle Phases

Unit

Conventional

Additive

Manufacturing

Manufacturing

Material Energy

Btu/part

2,538,480

2,000,296

Manufacturing Energy

Btu/part

2,669,317

379,253

Btu/part

289,780

289,768

Btu/part

291,353,621

291,341,837

Btu/part

-1,675,750

-1,675,682

Btu/part

295,175,448

292,335,471

Freight and Distribution
Energy
Use
Disposal (End of Life)
Energy use
Total Energy Use per Part
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Table 3.3 Company two numeric results

Life Cycle Phases

Unit

Conventional

Additive

Manufacturing

Manufacturing

Material Energy

Btu/part

40,628

40,628

Manufacturing Energy

Btu/part

11,189

76,526

Btu/part

4,762

4,766

Btu/part

4,788,266

4,79,194

Btu/part

35

35

Btu/part

4,844,880

4,914,150

Freight and Distribution
Energy
Use
Disposal (End of Life)
Energy use
Total Energy Use per Part
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Table 3.4 Company three numeric results

Life Cycle Phases

Unit

Conventional

Additive

Manufacturing

Manufacturing

Material Energy

Btu/part

499,785

458,203

Manufacturing Energy

Btu/part

22,927

232,866

Btu/part

179,088

179,088

Btu/part

180,060,803

180,060,803

Btu/part

-387,945

-387,945

Btu/part

180,374,659

180,543,015

Freight and Distribution
Energy
Use
Disposal (End of Life)
Energy use
Total Energy Use per Part
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For Company one the comparison was made with the fallowing settings for
scenario one, comparing AM to CM. The Life span of the part: 30 years.
Conventional Manufacturing process: Metal Casting. Transportation of the part:
long distance truck 10,000 miles, then short-distance truck 1,000 miles. Recycle
material process: open-loop 90% of the material, landfill 10%.
For the comparison of Company two process, the following settings were used
when running the energy assessment tool in scenario one. Life span of the part:
30 years. Conventional Manufacturing process: Plastic Molding. Transportation
of the part: long distance truck 10,000 miles, then short-distance truck 1,000
miles. Recycle material process: none.
Finally, Company three, the following settings were used, again selecting
scenario one of the tool. Life span of the part: 30 years. Conventional
Manufacturing process: Metal Casting. Transportation of the part: long distance
truck 10,000 miles, then short-distance truck 1,000 miles. Recycle material
process: open-loop 90% of the material, landfill 10%.
The negative values that resulted in the disposal phase of company one and
three are the result of the recycled material used, giving a lower energy
consumption than using virgin materials for the part production.
For the results obtained in the assessment of Company one, we can see that the
manufacturing phase is the phase where the most advantage can be seen, in
terms of energy use savings. For this phase, the conventional method of
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manufacturing the part is Metal Casting, a process known to have a high intensity
of energy use. The other phases of the assessment were very similar and does
not have a major impact on the sustainability of the part printed by the Ebeam
technology.
On the results obtained by the assessment of Company two, the data is reverse,
the energy used per part on the manufacturing phase is higher by the Additive
Manufacturing technology. For this, the conventional method of producing a
similar part is selected to be plastic molding. This technology compares to the
highly energy intense heated extruder found on the FDM and is considerably
more efficient. Plastic molding has been in the marking for more than forty years
and has been the focus of many process improvements to reduce their energy
used. In addition, plastic molding takes advantage of the economy of scale to
reduce the energy use during the manufacturing process. For the part printed by
Company three, the manufacturing phase presents a large discrepancy between
the conventional manufacturing process and the AM, even though this part is
also compares to metal casting like the part produced by Company one. The
need of post processing after the production of the part via SLM increases the
energy used per part.
In table 3.5 we see a summary of the energy used per part for all three parts
printed. The deference is calculated based on the AM process; this means that if
the difference is negative the AM process has a lower energy used per part than
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Table 3.5 Summary of Total energy used per part
Part printed by

AM tech.

CM process

Total Energy BTU/part

Total Energy BTU/part

AM

CM

Difference

Company one

Ebeam

Metal Casting

292,335,471

295,175,448

-2,839,977

Company two

FDM

Plastic Molding

4,914,150

4,844,880

69,270

Company three

SLM

Metal Casting

180,543,015

180,374,659

168,356
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the CM process. For Company one we can say that the there is a substantial
benefit to using Ebeam technology in terms of energy used. For the parts printed
by Companies two and three, the CM process used less energy per part. The
differences between the AM and CM process by the part produced by these two
companies are relatively small. This gives the opportunity in the future to
increase the efficiency of the AM process and reduce the energy used. Although,
we are only taking into account the energy used per part, other benefits like
geometry complexity of the part can be harvested from the used of this AM
technology.
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CONCLUSION
This work showed several sustainability techniques that are very useful and help
to increase the current knowledge of the area. The tools and methods presented
during the chapters of this work can be used for new technologies in order to
establish a benchmark for sustainable development. Chapter I presents a lifecycle assessment of bio-fuel production using an open source software. The
analysis shows that there is still a need to optimize the process of bio-fuel
production to be at the same rate of emissions of natural gas. Chapter II presents
several data points to increase the availability of data in Life-Cycle Inventories for
Additive Manufacturing. Also, a framework to measure energy used in AM is
shown in the case study of the Binder Jetting process. Then in Chapter III the
use of the Energy Assessment tool was essential to compare three different AM
technologies when aerospace parts are used as case models. All these methods
have one common goal, to establish the capability of sustainable development of
new technologies. It is expected that all the new technologies will increase their
efficiency to reduce energy consumption and therefore will be more competitive
in the market. But, at this moment, the new technologies are still not as
sustainable than traditional processes
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